The progenitor for the Advanced Scientific Concepts, Inc. (ASC) eye-safe 3-D imaging system is a non-eye-safe, flash, 3-D imaging ladar system, which was successfully tested by the authors in 9/98. This paper reviews the design of the original flash ladar system and presents 3-D images taken with the system. In light of this original design, flash ladar eye-safe technologies are reviewed and a particular design is chosen as the most feasible for lightweight, low volume and low power applications. Data is presented from an advanced-design system.
Introduction
This paper is organized as follows: First the components of a 3-D imaging flash ladar system are described (References 1 and 2). The most critical component, the laser radar (LR) sensor is then discussed in detail. Finally performance data from the progenitor non-eye-safe 3-D flash ladar is presented along with performance data from the most recent Advanced Scientific Concepts, Inc. (ASC) LR-sensor design.
A typical 3-D imaging ladar system is depicted in Figure 1 . It consists of a laser transmitter which together with the transmit optics directs a laser pulse at a target. The receive optics collects the target-reflected light and focuses the laser light on the LR-sensor. The LR-sensor is the most critical component in the imaging system. Drive electronics provides the clocks and biases that operate the sensor and the output electronics conditions and digitizes the data output from the sensor, and then transfers the data to the processing computer for further 3-D processing and display. A filter is required for daylight operation. 
The LR-Sensor
The original ASC flash LR-sensor was a hybrid design with a 32 x 32 readout array of unit-cell electronics indium-bump bonded to a 32 x 32 array of silicon NIP diodes. Each unit cell operated independently of the other unit cells in the array and was bump bonded to an independent detector in the detector array. The general hybrid design is depicted in Figure 2 . The Figure 2 hybrid LR-sensor design is a very general configuration and can be used with a variety of detectors. For example if InGaAs or HgCdTe detector arrays are used, eye-safe laser wavelengths can be efficiently detected. One shortcoming of the detectors made with these latter materials, however, is their high input capacitance; the depletion length is very small in these materials. High input capacitance reduces unit cell performance because it reduces the bandwidth of the input TIA amplifier (see Figure 4 ) which is particularly undesirable for fast rising laser pulses. Laser pulse rise time is related to range resolution. Input capacitance can be controlled in eye-safe detector materials by reducing the detector dimensions, either by directly reducing the unit cell dimensions and the corresponding detector dimensions or by reducing the detector dimensions only and employing microlenses to maintain a large detector coverage area. Microlenses can either be etched into the detector substrate or manufactured as separate lenslet arrays. Reducing the detector area has the added advantage of reducing detector dark current in these smaller bandwidth materials; however, cooling can not be avoided in many designs, particularly with HgCdTe.
The practical usefulness of 3-D sensors, as well as other imaging systems, most often depends upon obtaining a compact, lightweight, low-cost design. The desire for increasing numbers of pixels in the arrays and increasing ranges puts greater stress on the laser power required. For conventional hybrid LR-sensor designs it is not uncommon for the laser pulse energy requirement to approach one Joule. Unfortunately, high-power laser systems are not compact, lightweight or cheap. Part of the reason for the large laser photon requirement is the need to overcome sensor noise. Therefore, if low noise gain could be incorporated in the detector, a practical 3-D imaging ladar system may be possible. The best signal-to-noise-ratio (SNR) possible and therefore the smallest laser pulse energy is, of course, dictated by photon statistics.
The idea of incorporating gain into detectors is not new and avalanche photodiode (APD) technology (Reference 3), based upon impact ionization within the detector material, has been successful for single detectors, in spite of the excess noise generated. The excess noise is related to the ratio of the ionization coefficients of the electrons and holes and usually limits effective gain to about 10 or typically less than 100. APD technology has been relatively unsuccessful in arrays much greater than about 10 x 10, in silicon, a well-understood and well-controlled material. One problem is gain non-uniformity. Apparently the slight detector to detector variation of material properties across the detector array causes the problem, as might be anticipated by the sensitive, exponential dependencies in the gain process. Based upon the silicon APD experience, the high anticipated risk for the more exotic eye-safe detector materials, as well as the relatively low effective APD gain, ASC has chosen to utilize a very well developed gain technology for its eye-safe 3-D flash ladar, low-laser-power detector technology: image tubes. This gain technology is made possible by the development of eye-safe photocathodes (Reference 4). Figure 3 illustrates an electron bombarded (EB) image tube.
Wire Bond to Readout
Bond Pad The image tube sensor works as follows: photons pass through the window and interact with the photocathode producing a photoelectron. This electron is accelerated by the electric field E through a potential measured in kV and penetrates into the silicon of the ReadOutlDetector chip causing gain by impact ionization. Approximately one electron-hole pair is produced for each 3.6 eV for those photoelectrons which penetrate into the active silicon region. The noise factor is a very low 1.02.
Another image tube configuration incorporates a microchannel plate (MCP) between the photocathode and the ReadOut/Detector chip. In this latter configuration the MCP amplifies the electron signal and the ReadOut/Detector chip collects the electrons. The MCP has the advantage of higher gain, if that is necessary, but the disadvantage of higher noise factor.
Intevac has quite conclusively demonstrated the effectiveness of the EB eye-safe image tube in their EBCCD eye-safe gated imaging systems (References 5 and 6). In ASC's DARPA-supported 3-D flash LR-sensor the CCD in the Intevac image tube will be replaced by an ASC LR-readout array; the risk is considered minimal. A MCP-based image tube will be used in ASC's AFRL WPAFB-supported, eye-safe, 3-D flash ladar system.
The First Flash Ladar Unit Cell
The unit cell circuitry (blowout in Figure 2 ) is the most critical electronics in the 3-D imaging flash ladar system. The first hybrid-based flash ladar unit cell circuit was designed in 1994 by ASC. Figure 4 illustrates the circuit. Target pixels vary in reflectance. It is conceivable, for a flat target, that the Switch in one unit cell could be opened by a low amplitude signal near the peak of the laser pulse from a poorly reflecting target pixel, and in another unit cell by a signal at the beginning of the laser pulse from a strongly reflecting target pixel. Thus the range error across the target could be associated with the entire pulse rise time for a high-bandwidth input amplifier, larger for a lower bandwidth input-amplifier. To avoid this problem the peak of the pulse was detected with Peak Detector circuitry and the pulse peak data was output with the return-time voltage-ramp data. Later in the off-chip processing chain the voltage ramp data was corrected with the pulse peak data, increasing the range resolution accuracy. The peak amplitude data is also useful for target recognition.
The input circuit consisted of a TIA, which converted the detector current to a voltage pulse. The voltage pulse was filtered to remove low frequency noise and amplified to a level that would cause the change of state of a memory cell. The change of state of the memory cell opened the Switch and maintained closure until the unit cell was reset. Figure 5 with Figure 1 we can see that real system incorporated a video camera to obtain 2-D images of the target objects and the laser head, optical systems and receiver were mounted on a computer controlled gimbal. LabView was used to correct the LR-sensor data and display the images. The LR-sensor was called the Laser Radar FPA (LR-FPA); the array size was 32 x 32.
The First Hybrid-Based Flash Ladar 3-D Imaging System
Figure 8 was taken in September 1999 one year after the first test series with better receiver optics than those of Figure 5 . Figure 8 is color coded for distance, where dark blue is closest and white is farthest away. Note that the goggles appear white because no photons striking the goggles get back to the receiver. The tree is light blue and the edges of the tree, which are further away from the receiver than the center of the tree, show up as green. The ground in back of the bench is even further away and shows up as red. The range resolution can be stated somewhat more accurately by statistically evaluating the pixels at the forefront of the Figure 10 image. Figure 11 shows the pixels whose range is averaged. Actually there is a difference of range of roughly one foot in the Figure 11 objects that must be subtracted from the results. For the Figure 11 pixels the mean range is 76 ft, the maximum range is 77.5 ft and the minimum range is 73.6 feet. The difference between maximum and minimum range for the pixels is about 4 ft. Subtracting the 1 ft difference between objects the actual range accuracy is about + or -1.5 ft. This is consistent with other data, not presented in this paper, and corresponds to a standard deviation of about .5 ft.
Lower part of the leg The Figure 4 circuitry. However, lessons learned from the development of the Figure 5 flash ladar 3-D imaging system suggest that higher dynamic range and higher range resolution are possible with a more advanced unit cell design. The current ASC "advanced-design" unit cell captures data consistent with ASC's high-resolution algorithms. A single advanced-design unit cell has been designed, fabricated, wire bonded to a silicon PIN diode and tested. Figure 12 is a picture of the desktop experiment that was used to verify the unit cell function.
The laser was a 4 ns FWHM laser diode, the table was eight feet long and the test object was a transistor battery. The edge of
Old LR-FPA Design (1994) (1995) (1996) Currently Available
Unit Cell Size 400 urn x 400 urn 50 urn x 50 urn Array Size 32x32 320x320
Laser Pulse 2Ons FWHM the table was taken as the zero point and the transistor battery was moved towards the laser in 3-inch steps. A single laser pulse was used to find the range. Figure 13 presents the testing results, at eight distances, measured from the end of the table in Figure 12 , with eight separate laser pulses. The ordinate is the distance from the end of the table, measured by the unit cell, employing an elementary algorithm which does not optimally utilize the unit cell data. For convenience, the unit-cellmeasured data also occurs on the graph along with the integer which is the ruler-measured distance from the end of the table.
For example, the ruler-measured distance to first data point is at 0 inches, to the second data point is at 3 inches, to the third data point is at 6 inches and so on; the unit cell-measured distance to the first data point is 0 inches, to the second datapoint is 3.9 inches, to the third data point is 3.9 inches and so on. The standard deviation from the measured distance is 1.1 inches and the maximum deviation is 3 inches, about 3 standard deviations. Using a more optimized range resolution algorithm, the standard deviation and maximum deviation are decreased by more than a factor of 2.
It is clear that the unit cell can measure ranges just a few feet from the imaging system with a resolution of a few inches.
Although not obvious from the data presented, the unit cell has the dynamic-range to also measure 1.5 inch resolution at a range of 7 km, the equivalent of about 17.5 bits. The equivalent dynamic range of the older unit cell design was about 12 bits.
Summary
In this paper we have summarized the non-eye-safe flash ladar 3-D imaging work ASC performed for AFRL WPAFB from 1994 to 1998. 3-D images have been presented from the original 32 x 32 readout/detector hybrid and the range resolution of the system addressed. Data from the unit cell of an advanced-design readout was presented. Combined with advanced, offchip processing, the advanced-design unit cell has a range resolution about an order of magnitude better than the original unit cell design and a much larger dynamic range.
